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INTRODUCTION
Identifying noninvasive biomarkers of ionizing radiation would permit rapid assessment and triage of exposed individuals for palliative and follow-up care. It may also facilitate the elucidation of novel molecular mechanisms associated with the ionizing radiation DNA damage and repair response. Historically biomarkers of radiation have been those related to DNA damage [e.g., c-H2AX (1)] and gene expression changes [e.g., XPC (2, 3), CDKN1A (4), GADD45 (4), MDM2 (5)], but small molecule indicators have not been explored or developed as extensively. A benefit of using small molecule screening (i.e., metabolomics) compared to other ''omics'' technologies such as proteomics, genomics or transcriptomics is that the data produced from the latter may not accurately reflect the current physiological status. Metabolites, as the end products of cellular processes, are likely to reflect any changes occurring at the epigenomic, genomic, proteomic or transcriptomic level. Furthermore, first-pass assessment of exposed individuals with urinary biomarkers measured by miniaturized devices using differential mobility spectrometry can be done in the field quickly and accurately. Exposed individuals can then be assessed later using more time-intensive ''gold standard'' biodosimetry approaches such as dicentric analysis.
Radiation metabolomics has been used successfully to identify numerous biomarkers in cells (6) and in mouse urine using ultra-performance liquid chromatography (UPLC) coupled with electrospray ionization time-offlight mass spectrometry (ESI-QTOFMS) (7, 8) and in rat urine using gas chromatography-coupled mass spectrometry (GCMS) (9) . The numerous analytical methods employed in these studies have provided broad coverage of the many chemical constituents in urine, both polar and nonpolar, and reassuringly have all pointed to similar dose-responsive urinary constituents.
Here we analyzed urine samples from c-irradiated rats by UPLC-ESI-QTOFMS. This study used UPLC-ESI-QTOFMS-based metabolomics to analyze 24-h urine samples collected from rats housed in metabolism cages for 4 days before irradiation and 3 days after sham/c irradiation. The aim was to uncover novel biomarkers of radiation exposure and identify already known biomarkers seen in rats and other species, which could aid in the development of rapid screening protocols for radiation-exposed individuals. Using multiple platforms for analysis of the irradiated rat urine samples has provided an effective method for biomarker discovery and revealed the optimal number of metabolites and the limitations of each platform.
MATERIALS AND METHODS

Compounds
Isethionic acid, N 8 -acetylspermidine dihydrochloride, spermidine, Nacetyl-D-galactosamine 6-sulfate sodium salt, N-acetyl-D-glucosamine 6-sulfate sodium salt, 29-deoxyuridine (dU), 29-deoxycytidine (dC), thymidine (dT), pimelic acid, taurine, azelaic acid, dodecanedioic acid, chlorpropamide, N-hexanoylglycine, xanthine and xanthosine were all obtained from Sigma Aldrich (St. Louis, MO). N-isovalerylglycine was obtained from TCI America (Portland, OR). 5-Methyl-29-deoxycytidine (5-MedC) was purchased from MP Biomedicals (Solon, OH). 29-Deoxyxanthosine (dX) was a kind gift from Dr. Peter Dedon, Department of Biological Engineering, MIT. All other chemicals were of the highest purity grade.
Synthesis
To verify the identities of N-acetyltaurine and N 1 -acetylspermidine, they were synthesized in-house. For N-acetyltaurine, taurine (0.5 mg) was stirred under low heat in water (7 ml). Pyridine (2.5 ml) and acetic anhydride (2 ml) were added, stirred at 4uC for 2 h, and then left overnight at 4uC. The solvent was then removed under a steady stream of nitrogen gas and a solid mass formed. Ethyl alcohol and dichloromethane were added to the solid and boiled in a fume hood. The sample was frozen and resuspended in ice-cold ethyl alcohol. The solution was filtered with additional ice-cold ethanol and the filter paper was left to dry on a watch glass. The crystals were scraped off and dried under vacuum. The yield was 429 mg (32%). The sample was sent for 1 H NMR spectroscopic analysis for confirmation. N 1 -Acetylspermidine was synthesized using a method similar to that proposed by Tabor et al. (10) . A solution of spermidine in water and pyridine was treated with two equivalent volumes of acetic anhydride and stirred for 3 days at ambient temperature. The mixture was evaporated and water was added; the solution was then acidified to pH 1-2 with 2 M HCl. The sample was concentrated under low pressure and formed a white solid. This was extracted with 2-propanol and filtered to remove spermidine trihydrochloride. The filtrate was cooled to 220uC to precipitate N 1 -acetylspermidine as a white solid, which was collected on a sintered glass funnel. 1 
Radiation Exposure and Urine Collection
The radiation exposure and urine control methods are described in Lanz et al. (9) . In brief, 12 male Wistar rats were age-matched and fed with no. 3430 mouse and rat diet (Provimi Kliba AG, Kaiseraugst, Switzerland) ad libitum. The rats were housed individually in metabolic cages for 7 days and urine was collected every 24 h; days were numbered 24, 23, 22, 21, z1, z2, z3, where 2 and z refer to preirradiation and postirradiation, respectively. The urine was collected and diluted to a volume of 14 ml with purified water after rinsing the metabolic cages, except for day z1, when the final volume was 20 ml. The urine samples were then frozen at 220uC. After day 21 the rats were removed from the metabolic cages and half were subjected to sham irradiation and half were exposed to 3.0 Gy of c radiation. Use of direct-reading dosimeters revealed the dose received by the rats was 2.80-2.85 Gy. After radiation exposure the rats were placed back in their respective metabolic cages and urine was collected for the next 3 days (days z1 to z3).
Sample Preparation for UPLC-ESI-QTOFMS
Urine samples were thawed and 50 ml was added to a microcentrifuge tube containing 50 ml 50:50 acetonitrile:water and 5 mM chlorpropamide kept at 4uC. The samples were vortexed for 1 min each and centrifuged at 13,000g for 20 min at 4uC to remove proteins and particulates. The supernatant was transferred to a UPLC vial. A pooled sample containing 5 ml of each sample was also made for quality control.
UPLC-ESI-QTOFMS Analysis
The samples were randomized and analyzed by UPLC-ESI-QTOFMS as described previously (7). In brief, the following mobile-phase linear gradient consisting of 0.1% formic acid (A) and acetonitrile containing 0.1% formic acid (B) was used with a flow rate of 0.5 ml/min: 98% A for 0.5 min to 20% B at 4.0 min to 95% B at 8 min. The column was washed with 100% B for 1 min and then equilibrated with 100% A before subsequent injections. The pooled sample was injected after every seven samples. In brief, samples were injected onto a reverse-phase 50 3 2.1-mm ACQUITYH 1.7 ml C18 column (Waters Corp, Milford, MA) using an ACQUITYH UPLC system (Waters) with a gradient mobile phase of 0.1% formic acid (solution A) and acetonitrile containing 0.1% formic acid (solution B). Mass spectrometry was performed on a Waters SYNAPT-MS operating in negative and positive electrospray ionization (ESI) mode.
Multivariate Data Analysis and Biomarker Identification
The mass spectral data were centroided, integrated and deconvoluted to generate a multivariate data matrix using MarkerLynxH (Waters). Peak picking, alignment, deisotoping and integration were performed automatically by the software with the following parameters: mass tolerance 5 0.05 u, peak width at 5% height 5 1 s, peak-to-peak baseline noise 10, intensity threshold 5 100 counts, mass window 5 0.05 Da, retention time window 5 0.20 min, and noise elimination level 5 10. The raw data were transformed into a multivariate matrix containing aligned peak areas with matched mass-to-charge ratios and retention times. The data were normalized to the peak area of the internal standard chlorpropamide, which appeared at a retention time of 5.3 min, 275.024 [M-H] 2 and 277.041 [MzH] z and exported in SIMCA-Pz software (Umetrics, Kinnelon, NJ). The ESIz and ESI2 data were Pareto-scaled to increase the importance of low-abundance ions without significant amplification of noise and analyzed by principal components analysis (PCA) and orthogonal projection to latent structures discriminate analysis (OPLS-DA). For identification of biomarkers specific to c radiation, OPLS-DA models were constructed comparing control on day 21 and day z1 sham (y 5 0), to those c-irradiated on day z1 (y 5 1), and was repeated for day z2 and day z3 where day 21 and sham were maintained as controls. Ions with a pcorr value above 0.8 and peak area above 100 were subjected to tandem MS. Further confirmation of identity was then carried out by repeating the tandem MS fragmentation using authentic standards at 100 mM in water and in urine.
Quantification
Biomarkers were quantified by multiple reaction monitoring (MRM) on an Acquity UPLC coupled to a XEVO triple-quadrupole tandem MS (Waters). This was to obtain the actual concentration of 474 each metabolite normalized to the endogenous creatinine levels. Standard calibration curves were made for creatinine, taurine, dU, dX, dT, dC, N-acetyltaurine, N-acetyl-galactosamine-6-sulfate, N 1 -acetylspermidine, N-hexanoylglycine, pimelic acid, azelaic acid, dodecanedioic acid and N-isovalerylglycine using authentic standards. Urine samples were deproteinized in 50% acetonitrile and diluted 1:2, except for pimelic acid (1:64), dU (1:64) and azelaic acid (1:512). An internal standard of chlorpropamide was added to each sample at a final concentration 1 mM. The samples were quantified using TargetLynx (Waters) software.
Statistics
All concentrations were expressed as means ± SEM after one-way ANOVA using GraphPad Prism 4 software. For comparisons between preirradiation and postirradiation samples, Bonferroni's correction for multiple comparisons was performed. Days 23, 22 and 21 were compared to days z1, z2, z3 sham and irradiated; a comparison with P , 0.05 was considered to be statistically significant. Day 24 was not used for comparison due to increases in metabolites related to acclimatization in the metabolic cages.
RESULTS
Multivariate Data Analysis
Unsupervised PCA analyses were initially carried out and samples were seen to cluster by day and dose (2.8-2.85 Gy or sham irradiation). The aims of these analyses were to identify any systematic variation in the data and to find patterns or groupings. All the observations from the ESIz MS data fitted within the 95% confidence interval of the modeled variation, while for the ESI2 MS data there were three outliers in one class of samples (day 24). The PCA score scatter plots constructed using the ESIz and ESI2 data from all the rat urine samples are shown in Fig. 1A and B, respectively. The samples collected before irradiation, days 24 to 21, visibly cluster by day in Fig. 1A . On day 24 the rats were removed from group housing and placed in metabolic cages. The urine collected from those rats contained metabolites that caused a clear separation from the rest of the observations. As the rats became acclimatized from days 23 to 21, the urine samples are seen to cluster within their day classes, but they also overlap between those days; the variation between those samples was small. For the ESI2 data, day 24 is separated from the rest of the observations, but days 23 to 21 cluster together and are not clearly separated by day class as seen with the ESIz mode data. After the rats were taken from their cages to be sham irradiated or c-irradiated, the PCA scores plots separate again. The samples from the c-irradiated rats on days z1 to z3 are clustered together and are completely separated from the other observations.
Variables Contributing to Satellite Day 24 Grouping by PCA
The variables contributing to the separation of the day 24 urine samples from those collected on days 23 to 21 were identified from the PCA loadings plot in both ESI2 and ESIz mode data and PCA loadings plot from the ESI2 data can be seen in Fig. 2 . These ions were subjected to tandem MS fragmentation and compared to authentic standards. They were identified as hippurate, phenylacetylglycine (PAG), 2,8-quinolinediol and 2,8-quinolinediol glucuronide.
Metabolomic Analysis to Identify Biomarkers of c-Radiation Exposure
To identify upregulated and downregulated biomarkers of radiation exposure, day 21 samples were compared to day z1, z2 and z3 samples individually in both ESIz and ESI2 modes through construction of OPLS-DA models. By day 21 the rats were acclimatized to the metabolic cages as confirmed by the lack of variation seen between the day 23 to 21 samples in Fig. 1 . An example of an OPLS-DA S-plot is shown in Fig. 3 , which compares the data from day 21 samples to day z1 c-irradiated samples. The ions in the bottom lefthand quadrant are those that decreased 1 day after c irradiation and in the top righthand quadrant increased
FIG. 1. PCA scores plots from 24-h rat urine samples analyzed by UPLC-ESI-QTOFMS ESIz (panel A) UPLC-ESI-QTOFMS ESI2 (panel B)
. Black squares, day 24; black triangles, day 23; black circles, day 22; black diamonds day 21; blue squares, day 1 shamirradiated; red squares, day z1 irradiated with 3 Gy; inverted blue triangles, day z2 sham-irradiated; inverted red triangles, day z2 irradiated with 3 Gy; blue diamonds, day z3 sham-irradiated; red diamonds, day z3 irradiated with 3 Gy.
UPLC-ESI-QTOFMS-BASED RAT RADIATION METABOLOMICS after 1 day postirradiation. The ions with a correlation coefficient (pcorr value) greater than 0.8 were investigated further by database searching, tandem MS fragmentation, and confirmation using authentic standards. The tandem MS fragmentation patterns of samples and standards can be seen in Fig. 4 , and the confirmed ions are listed in Tables 1 (upregulated  biomarkers) and 2 (downregulated biomarkers). The tables also show the pcorr values of the metabolites taken from OPLS-DA modeling from comparisons of day 21 samples to days z1, z2 and z3. There were a number of ions observed by OPLS-DA that were highly correlated to radiation exposure but could not be identified after fragmentation or from searching against databases. The confirmed upregulated and downregulated ions were quantified; in addition, taurine, xanthine, xanthosine and N-hexanoylglycine were quantified because these were observed to be upregulated in mouse urine after irradiation but were not seen to be correlated here after OPLS-DA modeling (7, 8) . The ions that were successfully quantified are shown in Figs. 5 and 6. Some ions were of too low concentration to be quantified; these included N-acetyl-D-glucosamine sulfate, xanthine, xanthosine and dC. Tables 1 and 2. 476 Upregulated Biomarkers Table 1 shows a list of urinary metabolites upregulated after 3 Gy c irradiation as identified by multivariate data analysis. It includes taurine, N-acetyltaurine, isethionic acid, N-acetyl-D-glucosamine/galactosamine-6-sulfate, N 1 -acetylspermidine, N-hexanoylglycine, dU, dX and dT.
The deoxynucleosides dU, dX and dT were transiently upregulated for 24 h postirradiation. The concentration of dU increased 4.3-fold from 18 ± 4 to 77 ± 15 nmol/mmol creatinine (P , 0.001). dX increased 2.9-fold from 150 ± 10 to 440 ± 30 pmol/mmol creatinine (P , 0.001), and dT 6.7-fold from 0.9 ± 0.2 to 6.0 ± 0.6 nmol/mmol creatinine (P , 0.001). Through targeted detection of N-hexanoylglycine and taurine, these ions were seen to be increased after irradiation. Nhexanoylglycine was significantly elevated from day z2 onward, from 0.6 ± 0.1 before irradiation to 1.4 ± 0.2 nmol/mmol creatinine (P , 0.001) on day z2 (2.2-fold), and 1.7 ± 0.2 nmol/mmol creatinine (P , 0.001) on day z3 (3.1-fold). This ion, however, had pcorr values of 0.40 and 0.47 on days z2 and z3 after modeling by OPLS-DA, as shown in Table 1 . Taurine increased 2.5-fold in concentration from 0.56 ± 0.03 mmol/mmol creatinine to 1.39 ± 0.20 (P , 0.001) and 2.1-fold to 1.20 ± 0.12 mmol/mmol creatinine (P , 0.001) on days z1 and z2, respectively. N-Acetyl-Dglucosamine-6-sulfate was also seen to increase in OPLS-DA modeling but could not be quantified due to the small peak size. 
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The metabolites N-acetyltaurine and isethionic acid had pcorr values ranging from 0.95 upward for 48 h postirradiation by OPLS-DA. However, after quantification, the upregulation of N-acetyltaurine was found to be significant for no more than 24 h after irradiation. The ion 124.
[M-H]
2 had a fragmentation pattern matching that of isethionic acid, with a mass error of 1.6 ppm, but it also co-eluted with taurine, which was elevated after irradiation; consequently it was not possible to distinguish between them. Urine samples were compared against authentic standards for isethionic acid and taurine prepared in control urine by tandem MS (125
). Both the standards and the samples had the same fragmentation patterns; this was also true for when the tandem MS mode was set to 124 [M-H] could not be positively identified. N-Acetyltaurine was identified after fragmentation studies, which revealed a taurine-related metabolite with an additional 42.01 mass units: an acetyl conjugation (zCOCH 3 ). N-Acetyltaurine was synthesized in-house and subjected to fragmentation, which gave an identical mass spectrum as seen in Fig. 4 . The metabolite had a relative increase of 1.6, from 11.2 ± 1.3 predose to 18.1 ± 1.7 nmol/mmol creatinine (P , 0.05) for day z1.
In ESIz mode a significant metabolite was observed with a m/z of 188.176 [MzH] z , suggesting N Fig. 7A -C, respectively, and the metabolite 188.176 [MzH] z can be positively identified as N 1 -acetylspermidine. This metabolite was increased 3.5-fold from 0.40 ± 0.04 nmol/mmol creatinine predose to 1.40 ± 0.06 nmol/mmol creatinine (P , 0.001) 24 h after irradiation and 2.6-fold to 1.1 ± 0.1 nmol/mmol creatinine (P , 0.001) on day z2.
The other upregulated N-acetylated biomarker was Nacetyl-D-glucosamine/galactosamine-6-sulfate, an amino sugar, which increased after irradiation but could not be quantified. This metabolite had an m/z ratio of 300.0394
, but both N-acetyl-D-glucosamine-6-sulfate and N-acetyl-D-galactosamine-6-sulfate had the same retention time and fragmentation pattern, so the identity could not be confirmed. Table 2 shows the biomarkers that were downregulated after radiation exposure. Three of them, pimelic, dodecanedioic and azelaic acids, are dicarboxylic acids and were decreased for all 3 days postirradiation. Nisovalerylglycine, an acyl glycine, was significantly decreased for all 3 days, with P values of ,0.05 on day z1 and ,0.001 on days z2 and z3. A decrease in dicarboxylic acids may indicate an increase in b-oxidation for gluconeogenesis during food deprivation, and indeed the c-irradiated rats decreased food consumption by approximately 80% [ Fig. 3B (9) ]. A further experiment was carried out to assess the effect of food consumption on the metabolome. Ten rats were split into two groups; one group was allowed food and water ad libitum, while the other group had access to water only, and 24-h urine samples were collected. These data showed quite clearly that the dicarboxylic acids and N-isovalerylglycine were decreased during food deprivation and were not downregulated biomarkers specific to radiation. An OPLS-DA S-plot in Fig. 8 shows that dodecanedioic acid, azelaic acid, pimelic acid and N-isovalerylglycine were downregulated after 24 h of food deprivation and had pcorr values of 0.81, 0.89, 0.87 and 0.73, respectively.
Downregulated Biomarkers of c-Radiation Exposure
DISCUSSION
UPLC-ESI-QTOFMS metabolomics was used to identify novel metabolites of c-radiation exposure in rats and to confirm established biomarkers previously identified in mice by UPLC-ESI-QTOFMS (7, 8) and rats by GCMS (9) . Upregulated biomarkers included dT, dU and dX, N 1 -acetylspermidine, N-acetylglucosamine-6-sulfate, N-acetyltaurine, taurine and N-hexanoylglycine.
dT, dU and dX were previously reported as biomarkers of radiation exposure in mice (8, 9) , and dU and dT were seen as their corresponding uracil and thymine Error bars are SEM. Significance as determined by one-way ANOVA between u1 day and z1, z2 and z3 days is ***P , 0.001, **P , 0.01 and *P , 0.05.
UPLC-ESI-QTOFMS-BASED RAT RADIATION METABOLOMICS
bases in rat urine after c irradiation by GCMS-based metabolomics analysis (a result of the derivatization process for GCMS) (9) . In mice, the excretion of dT increased 7-fold and was similarly upregulated here in rats by 6.7-fold; a 7-fold increase in rats has also been observed by Zharkov et al. (12) . The metabolites dU and dX were increased 4.3-fold and 2.9-fold, respectively, and increased to the same extent in mice (8) . dU, dX and dT are markers of DNA damage and can be formed by hydrolytic or enzymatic deamination of dC, 29-deoxyguanosine (dG) and 59-MedC, respectively. They can also be formed through interactions with ROS generated Significance as determined by one-way ANOVA between 21 day and z1, z2 and z3 days is ***P , 0.001, **P , 0.01, *P , 0.05.
FIG. 7. Extracted mass spectra from tandem MS (188.1 [MzH]
z ) of (panel A) rat urine 3 days after irradiation (panel B) N during exposure to ionizing radiation and redox reactions (11) . A previous publication reported an increase in dU in mice subjected to 1-3 Gy c radiation (8) and a decrease in dC. Both dC and 59-MedC were mined for and were decreased after irradiation with pcorr values from 0.65-0.7 by OPLS-DA; however, they could not be quantified. dG was below the limit of detection by UPLC-ESI-QTOFMS. dX had the lowest concentration and relative change compared to dT and dU; therefore, it is not surprising that dG could be observed. dG is also known to form 29-deoxyoxanosine (dO) (13) . This metabolite was mined for in the UPLC-ESI-QTOFMS data (267.0729 [M-H] 2 ); it had the same m/z as dX but a different structure and would thus be expected to form different fragments when subjected to tandem MS fragmentation. 267.0729 [M-H] 2 was identified and fragmented to reveal dX (confirmed against an authentic standard) and not dO. Pyrimidine bases in DNA are known to be more susceptible to hydrolytic deamination than purine bases, but purines are more prone to deamination by nitrous acid; therefore, the results here indicated that spontaneous deamination was a more prevalent route of deamination than ROS (11, 14) . Further work must be performed to determine whether the increases in dU and dT resulted from radiation-induced enzymatic activity (cytidine deaminase and/or dC deaminase and thymidylate synthase) or were due to the actions of ROS. The repair of DNA bases is important in cells exposed to ROS, and increases in other biomarkers past day z1 are of interest because of their relationship to this process.
The excretion of taurine was seen to increase for 2 days after radiation exposure by 2.5-and 2.1-fold. Taurine has previously been observed to be elevated in mouse urine after 8 Gy irradiation by 1.2-fold and was not seen at sublethal doses (7) . Taurine is metabolized from methionine and cysteine and is involved in many physiological functions such as bile acid conjugation, osmoregulation, antioxidation and detoxication. It is generally seen as a marker of hepatotoxicity. Because exposure to radiation can increase ROS, the role of taurine here may have been protective, inhibiting ROS, or an enhancement in cysteine or glutathione turnover could have occurred (7). Another mechanism was proposed by Dilley (15) in which an increase in taurine urinary excretion in radiation-exposed dogs and humans was a result of radiation-induced destruction of circulating lymphocytes.
Taurine is known to regulate ion channels. The urine collected from this study was previously analyzed by GCMS as described by Lanz et al. (9) . Water and food consumption and ion levels were documented. A large increase in phosphate with a decrease in calcium, sodium, potassium and chloride ions was seen after radiation exposure; the latter three could be attributed to a decrease in food intake, but regulation of calcium ion channels could also play a role in this here. Another ion that was highly correlated to radiation exposure was 124.9911
, which was tentatively assigned as isethionic acid but could not be resolved from taurine. Isethionic acid is the hydroxyl analogue of taurine and is formed from taurine via a sulfoacetaldehyde intermediate. It has been proposed that mammals cannot directly metabolize taurine to isethionate; instead gut microflora perform this role (16) . Therefore, it is hypothesized that isethionic acid could be a biomarker produced as a response of the gut microflora to radiation. p-Cresol, another gut microfloral metabolite, was previously identified by GCMS analyses of urine from radiation-exposed rats (9) .
N-Acetyltaurine was also identified as an upregulated biomarker of ionizing radiation exposure, and it is a novel mammalian metabolite. It is a derivative of taurine and has only been observed previously in orb spiders (17) . It had a high correlation to radiation exposure, with a pcorr value of 0.95 by OPLS-DA for 1-2 days postirradiation. Table 2 .
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After in-house synthesis of the N-acetyltaurine pyridine salt, quantification was possible. N-acetyltaurine does not derive directly from taurine because a concomitant decrease of that metabolite was not observed. N 1 -Acetylspermidine was increased after radiation exposure and forms through reversible N-acetylation of spermidine by spermidine/spermine N 1 -acetyltransferase (SSAT). The transcription of SSAT is induced in the presence of ROS, increased polyamine levels, interleukin-1 and hepatocyte growth factor. Polyamine oxidase (PAO) can convert the acetylated compound back to putrescine, producing H 2 O 2 and aldehydes, which in turn can cause apoptosis and cell damage (18) . Spermidine and N 1 -acetylspermidine form from arginine via putrescine; they play vital roles in cellular processes involving nucleic acids. Other polyamines in the putrescine pathway were also mined for in the data generated by MarkerLynx, but correlation to radiation was not observed. However, a previous study with TK6 cells showed an attenuation of spermine after exposure to 1 Gy c radiation (6) . Spermine is formed from spermidine; it is possible that the spermidine precursor in both these cases was N-acetylated instead of undergoing conversion to spermine by spermine synthase, producing the observed decrease in spermine. A similar effect was observed in rat spleen after 3 Gy c irradiation; decreases in putrescine, spermine and spermidine were seen for 5 days after irradiation (19) . Increases in N 1 -acetylspermidine have been observed previously in rat and human colon cancers as well as in many other types of cancer (20) (21) (22) (23) . It has been observed that SSAT is enhanced at the beginning of growth arrest and cell death in HeLa S3 and myeloid cell lines after X and c irradiation (24, 25) . The induction of SSAT could potentially regulate growth arrest that results in cell death after toxic stress and play a protective role in response to ionizing radiation.
Another N-acetylated biomarker seen to be upregulated after exposure to ionizing radiation was N-acetyl-D-glucosamine/galactosamine-6-sulfate, an amino sugar. N-Acetyl-D-glucosamine-6-sulfate and N-acetyl-D-galactosamine-6-sulfate are key components of the proteoglycans dermatan, keratan and chondroitin sulfates. Exposure to X radiation in a rabbit chondrocyte culture system revealed a change in proteoglycan synthesis and a stimulation of proteoglycan degradation (26) ; in this study, an increase in N-acetylated amino sugars could result from ionizing radiation-induced degradation. However, it was not possible here to distinguish between N-acetyl-D-glucosamine-6-sulfate and N-acetyl-D-galactosamine-6-sulfate; they had the same retention time and fragmentation patterns.
The downregulated metabolites included a number of dicarboxylic acids and an acyl glycine. A reduced urinary excretion of dicarboxylic acids was observed previously by GCMS in the rat urine; it was proposed that this was a result of changes in renal tubular cells (9) . These dicarboxylic acids can be completely oxidized through b-oxidation to produce succinyl-CoA, which can be used in the gluconeogenesis pathway during starvation (27) ; therefore, the decrease in these dicarboxylic acids was proposed to be a result of decreased food intake after irradiation. A further study was carried out in which rats were deprived of food for 24 h and urine was collected. Metabolomic analysis of this urine showed a decrease in the metabolites downregulated after irradiation. The ions that were increased after food deprivation were also mined for the upregulated radiation markers, but they were not found.
The samples taken at day 24 showed a number of metabolites that were present only at this time: hippurate, PAG, 2,8-quinolinediol and its glucuronide. These metabolites were produced as the rats became acclimatized to the metabolic cages. Hippurate is known to be formed from the microbial breakdown of larger dietary phenolics and benzoic acids, which are then excreted as hippurate after glycine conjugation in the liver (28) . PAG is derived from the metabolism of phenylalanine also aided by microbial metabolism and subsequent conjugation of phenylacetic acid with glycine (29) . Therefore, the movement of the rats from their standard group-housed cages to individual metabolic cages resulted in a disruption of the gut microfloral metabolized compounds that started to stabilize after 24 h.
Evaluation of GCMS and UPLC-ESI-QTOFMS for Metabolic Profiling
As mentioned originally, this metabolomic study was implemented previously using GCMS (9) to analyze the urine samples and was repeated here using UPLC-ESI-QTOFMS. This was to determine how effective the two technologies are for metabolomics analysis of rat urine after radiation exposure and to maximize metabolite recovery. Initial PCA models were constructed from the UPLC-ESI-QTOFMS data and had identical groupings and patterns as seen by GCMS. A PCA scores plot showing the GCMS data taken from Lanz et al. (9) (Fig. 9) is similar to the UPLC-ESI-QTOFMS PCA scores plots in Fig. 1 . There are some differences, however; the UPLC-ESI-QTOFMS variables cluster together within their group classifications, while the GCMS variables are spread out across PC1 and PC2. The more distinctive grouping within class by UPLC-ESI-QTOFMS could be due to the acquisition of the data or to pre-processing methods such as peak alignment and detection; different software was used to process the UPLC-ESI-QTOFMS and GCMS data.
For biomarker identification, both methods revealed upregulated nucleosides, but they were seen as their respective free bases by GCMS due to the sample processing step of derivitization. These nucleosides (dU and dT) could be confirmed in both systems; however, dX could be seen only by UPLC-ESI-QTOFMS due its low abundance. Therefore, UPLC-ESI-QTOFMS is more effective for identifying low-abundance metabolites than GCMS. There were a number of other biomarkers that were observable only by UPLC-ESI-QTOFMS compared to GCMS and vice versa. Of these were polar compounds that would not derivatize well and thus were not identified by GCMS, for example, taurine and the Nacetylated metabolites. Three metabolites, glyoxylate, threonate and p-cresol, were observed by GCMS and not by UPLC-ESI-QTOFMS. The sample processing methods for UPLC-ESI-QTOFMS may have resulted in extraction of these metabolites into the pellet, and thus they could have been lost before loading onto the column. Alternatively, derivatization for GCMS may have improved the ability to observe these metabolites.
Conclusions
UPLC-ESI-QTOFMS-based metabolomics allowed effective identification of nine urinary biomarkers of c radiation in rats, including a novel mammalian metabolite. These upregulated urinary biomarkers included dT, dU and dX, N 1 -acetylspermidine, N-acetylglucosamine/galactosamine-6-sulfate, N-acetyltaurine, N-hexanoylglycine, taurine and tentatively isethionic acid. Some of these metabolites were also identified in the mouse (dT, dU, dX, taurine, N-hexanoylglycine) and helped to reveal cross-species biomarkers for radiation. It is now of interest to look at other mammals, in particular non-human primates or humans, to ascertain whether these metabolites are shared outside of mice and rats. Further studies include analysis of the rat tissues to look for changes in gene transcription and regulation of enzymes to relate the metabolites discovered to molecular mechanisms.
